One contribution of 15 to a theme issue 'Multi-resolution simulations of intracellular processes'. Interacting proteins can form aggregates and protein -protein interfaces with multiple patterns and different stabilities. Using molecular simulation one would like to understand the formation of these aggregates and which of the observed states are relevant for protein function and recognition. To characterize the complex configurational ensemble of protein aggregates, one needs a quantitative measure for the similarity of structures. We present well-suited descriptors that capture the essential features of non-covalent protein contact formation and domain motion. This set of collective variables is used with a nonlinear multi-dimensional scaling-based dimensionality reduction technique to obtain a low-dimensional representation of the configurational landscape of two ubiquitin proteins from coarse-grained simulations. We show that this two-dimensional representation is a powerful basis to identify meaningful states in the ensemble of aggregated structures and to calculate distributions and free energy landscapes for different sets of simulations. By using a measure to quantitatively compare free energy landscapes we can show how the introduction of a covalent bond between two ubiquitin proteins at different positions alters the configurational states of these dimers.
Introduction
Protein -protein interactions are crucial for the function of biological systems on the molecular level since they determine almost all signalling and catalytic path ways in the cell. Complex biological functions are often executed by large multiprotein complexes which can be divided into domains which are assigned to specific functions and often perform correlated motions [1] . The relative position/orientation of domains with respect to each other determines the overall morphology of the aggregate to a great extent and should therefore be decisive for protein function [2] . To obtain a molecular-level understanding, one needs to know the predominant conformations of the protein system, their thermodynamic weights and transition rates between these states. This information can be obtained from ensembles produced by molecular dynamics (MD) simulations [3] .
One example for a very popular and extensively studied topic is the ubiquitin (Ub) signalling system where the small protein Ub (figure 1) is covalently attached to certain lysine residues of substrate proteins [4] . Since Ub can be ubiquitylated at eight positions as well, Ub chains are formed which are then recognized by Ub binding domains. However, we still lack a full understanding of what determines the specific recognition of differently linked Ub chains for different signalling pathways [5] . One reason for this specificity is that the linkage position determines the morphology of Ub chains, as was shown in various structural studies of differently linked Ub dimers and longer chains [6] . On the other hand, for a single linkage type, very different conformations can be found as well (PDB ID: 1F9J (open), 1TBE (compact), 1AAR (closed)) which indicates that a Ub chain can adopt different structures in solution [7] [8] [9] [10] .
MD simulation is ideally suited to complement structural experimental data by yielding ensembles which can be used to provide insights into the nature and thermodynamic stability of distinct conformations in solution [11] . Owing to increased computational resources like distributed computing and optimized algorithms, we are now able to perform MD simulations on long time scales which are relevant in biological processes, such as protein recognition [12, 13] . Therefore, an increased need emerges for analysis techniques which are able to process massive amounts of data to extract information. Valuable knowledge is also obtained when information from different sources is connected, e.g. data from simulations at different levels of resolution or different types of experiments. Comparison and agreement between structures from different methods validates their significance and can show us the underlying thermodynamical principles behind the phenomena of interest [14] .
Such datasets consist of a large number of structures while each structure represents a point in a very high-dimensional space (R (3ÂNatom)À3 ). One possibility to overcome the problem, that direct visualization and interpretation of such high-dimensional data are impossible, is to create a lowdimensional map of the configurational or conformational phase space [15] . This map can be then used as a basis for clustering of similar structures and therefore for state identification. A common way to reduce the phase space dimensionality is to find a set of descriptors which are internal, i.e. independent of the absolute atom positions in space. These descriptors are called collective variables (CVs) and need to be carefully chosen since they provide the essential basis for further characterization. Often the number of CVs which is required to capture the characteristics of complex structures and structural transitions is still relatively high-dimensional, i.e. in this space, the sampling of configurations can neither be easily visualized nor can its essential features be grasped without further analysis. This problem can be addressed by dimensionality reduction to obtain a low-dimensional representation [16, 17] . Recently, we used the example of covalently linked Ub dimers (diUb) to introduce a method for characterization of the conformational space of multi-domain proteins [18] . We identified CVs that were ideally suited to capture the characteristics of protein -protein interfaces and were an ideal basis for subsequent dimensionality reduction. We were able to obtain a two-dimensional free energy landscape for each of the eight different Ub dimers from coarse-grained (CG) MD simulations and to quantitatively compare them with each other. With this method, we were also able to compare the CG results with experimental structural data and the sampling in atomistic simulations.
Here, we extend this method and demonstrate that it can also be very well used for the characterization of the configurational landscape of two proteins which are not bound and can therefore move freely relative to each other. We performed CG simulations on the microsecond time scale of two Ub proteins to obtain an equilibrated ensemble. We used a set of 144 CVs that describe how the proteins in the simulations are oriented towards each other-their relative configurations. With a nonlinear, multi-dimensional scalinglike dimensionality reduction method called Sketch-map, a two-dimensional representation of the configurational space described by these CVs was constructed. From this low-dimensional projection, we could obtain a free energy landscape which illustrates the non-covalent dimerization of two Ub proteins in solution. We were also able to compare the previously obtained configurational landscapes of covalently linked Ub dimers to two unlinked Ub. We can show that the formation of a covalent bond between two Ub proteins alters the free energy landscape of protein -protein contacts in a linkage-specific manner.
Results

Non-covalent dimerization
Two unlinked Ub proteins (2xUb) were simulated extensively with a modified CG MARTINI model as is shown in figure 1 (see Material and methods) [18, 19] . To this end, 48 independent runs of 10 ms each were carried out which were started from four different initial configurations with well separated proteins. This amounts to a total simulation time of 480 ms. Here and throughout the rest of the paper, we do not account for any possible additional speed-up of CG dynamics, which is estimated for the MARTINI model to be a factor of 4-8 for lipid diffusion [20] , but unknown for the protein-protein association and reorientation processes investigated here. For further details about set-up and postprocessing, see Material and methods section. On this time [21] . Before we go into a detailed analysis of the contact states that are visited by this 2xUb system, we first qualitatively assess which regions of the protein surfaces most predominantly participate in contact formation. Figure 2 shows the two Ub chains coloured according to the number of contacts that the respective residues form with any residue of the other protein. Red colouring shows that in our simulations, most of the contacts were mediated by the flexible as well as the b-sheet region of Ub. Importantly, the colouring is comparable on both chains which indicates that the simulation is reasonably well converged. This general observation of b-sheet mediated aggregation is well known for Ub [21] .
In the next step, we will analyse the structural ensemble that was obtained from the simulations in more detail. To obtain a deeper insight into the visited phase space of mutual protein -protein configurations and to cluster the data and identify states, we will use a recently introduced method that relies on a set of collective variables tailored to characterize such contact interfaces and a nonlinear dimensionality reduction technique [18] . For covalently linked diUb, residue-wise minimum distances (RMD) between the two subunits have been found to be a very good set of CVs that are able to capture the essential molecular-level features of non-covalent subunit -subunit contacts, i.e. that allow one to characterize protein -protein interactions and proteinprotein interfaces. Transferring this approach to unlinked proteins means that any simulated structure (here two Ub units of 72 amino acid residues each; the highly flexible residues 73 -76 of Ub were not included in analysis) is described by a vector of 144 distance values. These were determined by calculating for each of the 72 C a atoms in one protein the minimum distance to any C a atom in the respective other protein and vice versa.
Thus, for simulated conformations extracted every 100 ps, the 144-dimensional RMD vector was calculated. Note that although the two chains are equivalent in the present case (without covalent linkage), they become pseudo ordered in CV space (distances of chain A are represented by the first half of the RMD vector and those of chain B by the second half ). This set of CVs contains information about the distance between the proteins, about the residues that are part of the contacting interface (if a contact is formed) andimplicitly-about the relative orientation of the proteins with respect to each other. Following the approach in [18] , those CVs were then used for dimensionality reduction with Sketch-map to obtain a two-dimensional representation. The choice of CVs, i.e. the internal coordinates at an intermediate level of dimensionality, has an enormous impact on how well the subsequent projection to a low-dimensional map works [16, 22] . One may easily obtain a very fragmented map where similar structures are subdivided into pseudoclusters or one may obtain a map that does not well separate different states. For the given problem, the RMD vector proved to be very suitable. Three hundred representative conformations were selected from the 2xUb ensemble as socalled landmarks to construct the Sketch-map [22] . After that, all other data points were projected into the map that was spanned based on those landmarks.
From the resulting two-dimensional probability distribution, an estimate of the configurational free energy landscape of the 2xUb system was obtained from Boltzmann inversion, shown in figure 3a. As in the case of covalently linked diUb, we obtain a circular shaped projection of the simulated structures where the different regions can be linked to certain geometrical attributes. It is found that configurations with particularly large interdomain distances (no or very little protein-protein contact) are found on the left-hand side of the map and are clearly separated from the aggregated structures on the right. This is illustrated by the small map in figure 3b(i) (green colouring) which is coloured according to the protein -protein centre of geometry distance. Figure 3 also shows representative structures for various regions of the map where proteins do not form many contacts. These snapshots illustrate that configurations with different relative orientations are well separated, i.e. as in the previous study of covalently linked diUb, the circular royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180062 positioning on the map indicates certain protein -protein orientations. The other two small panels in figure 3 show which regions on the map are characterized by certain types of contact interfaces: 3b(ii) (orange colouring) shows where conformations with a high number of b-sheet contacts are located and 3b(iii) ( purple colouring) shows where aggregates are dominated by contacts through the a-helices. Most importantly, the regions where contacts are formed via the b-sheet or a-helical regions of the protein surfaces appear well separated. Possible overlaps would then refer to structures where one protein interacts via its b-sheet and the other one via its a-helix. This figure already nicely demonstrates the power of this analysis, which allows one to identify interesting features within the simulated ensembles and to extract the corresponding structures. The two-dimensional free energy landscape in figure 3 shows a relatively large shallow area with non-aggregated (left half of map) or only loosely aggregated conformations. Due to the finite simulation box, the two Ub proteins can have a maximum centre of geometry distance of about 8 nm (figure 2). In order to obtain a meaningful projection in which it is possible to distinguish different aggregated structures, it was not necessary to exclude conformations with very large distances from the projection and from the landmark selection. We point out that such a restriction of the analysis to a certain maximum distance might be an option for other set-ups with larger simulation boxes to improve the outcome of the dimensionality reduction. Here, we demonstrate that it is possible to obtain a lowdimensional representation which differentiates between high distances and orientation at the same time. Therefore, one could use this analysis method to study long range protein interactions such as electrostatic effects that might mediate aggregation [23] .
In the following, we will more closely look at the highly populated region which represents aggregated structures in the 2xUb map (i.e. the area in figure 3 that is dominated by red, yellow and light green colours). Figure 4 shows that this region is separated into several low-free-energy states which are connected by shallow transition areas. Representative structures of several states are shown in such a way, that chain A is always oriented the same way-to visualize how well the map separates aggregates with different relative orientations and contact interfaces. Furthermore, structure bundles are presented exemplarily for four states, again with all structures aligned on chain A. These bundles show royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180062 that the simulated structures which are projected into the same region on the map are indeed very similar, i.e. that the two-dimensional map is a good basis for clustering and state identification. As mentioned above, the CVs which were used to describe each conformation consist of 72 RMD values for chain A followed by 72 RMD values for chain B. This introduces an arbitrary ordering of the-in principle interchangeable-chains in CV space. Thus, in a perfect sampling of configuration space, the ensemble of observed RMD vectors exhibits a symmetry with respect to their upper and lower halves. It turns out that in consequence, the map exhibits a mirror symmetry with a symmetry axis which runs approximately horizontally in the middle of figure 4 (note that the fact that the axis runs horizontally is coincidental). The symmetry of the map is to be expected since the Sketch-map algorithm relies on a metric which (qualitatively) preserves distances between pairs of structures. Certain imperfections in the symmetry are due to the limited number of landmark structures from which the map is constructed. Interestingly, several states lie directly on the middle axis of the projection which separates the two halves, and consequently these structures are symmetric themselves. This can very well be seen in the cluster representatives shown in the top row of figure 4, in particular in the second representative from left. As a consequence, configurations from two corresponding states in the upper and lower halves of the map are indeed similar if one reorders the chains accordingly. We marked such pairs of structures with matching geometric shapes in figure 4 . These structures are shown again in figure 5 but now chain B of the structure from the upper half of the map (marked in orange) is aligned with chain A of the structure from the lower half of the map (marked in black). One sees that the positioning of the respective other, unaligned chains is remarkably similar. This result nicely demonstrates that the configurational phase space of the two proteins is well sampled and that the projection and state identification is robust.
Impact of linkage
Now that we have a means to characterize the configurations/aggregate states of two Ub proteins, we can use this tool to investigate the impact of linking the two chains royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180062 covalently (diUb) together. How does this linkage affect the sampled configurational space and the Ub -Ub contact interfaces? How does this depend on the type of linkage? In this section, we will show that the analysis with low-dimensional Sketch-maps and RMDs as CVs is very well suited to address these questions.
Since one of the seven lysine side chains or the N-terminal methionine can be linked to the C-terminal glycine of a second Ub, eight differently linked diUb types are possible. According to the common convention, we will call these chains proximal and distal, respectively, and denote the different diUb chains by their linking residues as M1, K6, K11, K27, K29, K33, K48 and K63. By covalently connecting the two protein chains, one introduces a constraint which should reduce the conformational space [14] . Therefore, large distances and some relative orientations between the two chains are not possible any more. In [18] analyses of simulations of all differently linked diUb have been presented. Simulations had been started from 'open' conformations, where the two Ub moieties were positioned in a way that no interdomain contacts were present. In total 12 independent CG simulations of 10 ms had been performed for each linker, summing up to 960 ms for all dimers. These data will be now used to address the above questions.
In a first step, we investigate the overall impact of covalent dimerization independent of the linkage type. Note that while the different linkage positions are distributed over the surface on the proximal chain, the distal chain is always connected via its C-terminal region with the second moiety. The effect of this asymmetry is nicely reflected in the distribution of protein -protein contacts over the surfaces of the two subunits which was analysed in an analogous fashion as in figure 2 . Figure 6 shows that on the distal chain contacts are located at the b-sheet region around the C-terminus, as one would expect due to the covalent connection in this region. By contrast, the distribution of contacts on the proximal chain (averaged over all linkage types) is comparable with unlinked 2xUb, i.e. most contacts are mediated through the flexible and the b-sheet regions. A further differentiation of the linkages will be done below, using the conformational maps.
Next we exploit the potential of low-dimensional maps to qualitatively and even quantitatively compare the conformational and configurational sampling in different simulations, e.g. independent simulations of the same system with the same model, simulations at different levels of resolution (i.e. with an atomistic and a CG model as in [18] ), or, as in the present case, simulations of different systems where we compare unlinked and differently linked two-Ub systems.
The only prerequisite for a seamless linking of different simulation levels/systems is that the CVs which underlie the dimensionality reduction have been suitably defined. Since RMDs have been defined based on C a atoms in the structurally stable core of the two Ub moieties, the maps of 2xUb and diUb can be compared by either generating a new map from a combined set of landmarks or by projecting the diUb simulations into the 2xUb map. Starting from the assumption that simulations of two unlinked Ub provide a good representation of all relative configurations which can be obtained by two Ub we used the latter ansatz. Figure 7 shows a free energy landscape (coloured areas) obtained from all simulations of all dimers projected using landmarks which were obtained from 2xUb simulations. One sees that diUb covers a certain subspace of the much larger 2xUb landscape (black outline in figure 7) . Note that the diUb projection does not cover areas which are not present on the landscape of 2xUb and that there is no accumulation of probability density at the rims of the diUb area. This would have happened if royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180062 the diUb simulations had sampled conformations and therefore RMD values which are not well represented by the landmarks from unlinked simulations. The area on the lefthand side of the 2xUB landscape, which represents structures with a large protein -protein distance, is not visited in simulations of diUb for obvious reasons. More remarkably, the landscape of diUb also lacks some regions which appeared aggregated in simulations of unlinked Ub. As discussed above, due to the character of the simulated system with two equivalent, unlinked chains, the projection turned out to be symmetric in the low energy region. This symmetry is broken by the introduction of a covalent linkage between the C-terminus of one Ub (distal subunit, chain A) to one of the lysine residues of the other Ub ( proximal subunit, chain B): chain A and chain B are topologically not equivalent (see figure 1) . As a consequence, diUb simulations do not sample the upper and the lower half of the landscape equally. This observation becomes drastically more pronounced if we analyse the differently linked dimers separately. Figure 8 (upper panels) shows the linkage dependent reduction of the configurational phase space compared to the sampling of two unlinked Ub in analogy to figure 7. One sees that the differently linked diUb cover very different areas of the map and that most linkages occupy regions on either the upper or the lower half of the map and on the horizontal axis in the middle (where symmetric dimer structures are found). This separation nicely illustrates how the topological constraint of a bond to one position on the proximal subunit affects the sampling of conformations in a linkage-specific manner.
The lower panels in figure 8 show a zoom into the low free energy region that represents stable aggregated states. In this representation, the free energy minima of the different diUb simulations are indicated by contour lines which are overlaid on top of the 2xUb landscape (taken from figure  4 ). This allows for a direct comparison of diUb states to those of unlinked 2xUb which yields some very interesting observations. Some linkage types, i.e. K6, K11, K48 and K63, exhibit free energy minima only in regions where unlinked Ub also adopts stable structures. One could say those linkage types select and amplify conformations that are already present in unlinked Ub dimers or alter the shape of the respective state only slightly. By contrast, K27-linked dimers show a behaviour which has almost no similarity to unlinked Ub. It seems that this linkage position alters the relative position of two Ub chains on a large scale. For the remaining linkages (M1, K29 and K33), we find a combination of both features. They have some minima in common with 2xUb but adopt several linkage-specific states in addition.
To complete the comparison of Sketch-map projections originating from different simulations, one can attempt to quantify the similarity of different free energy landscapes. In [18] , the so-called earth-mover distance (EMD) [24, 25] , widely used in the computer vision and image retrieval community, was found to be particularly well suited to quantitatively compare two-dimensional landscapes. EMDs were used as a similarity measure between all eight conformational landscapes of differently linked diUb and the results were visualized by arranging markers for the different linkages in a graph according to their respective pair-wise EMDs (again by employing a multi-dimensional scaling technique). As a result, patterns of (dis)similarities between the linkages could be identified that correlate well with diUb interaction behaviour found experimentally [26, 27] .
An analogous analysis is now performed on the diUb maps generated in this study. Note that the appearance of the diUb conformational free energy landscapes is very different from those presented in [18] , where the same diUb simulations had been projected using a set of landmark structures which were selected from these diUb simulations. Nevertheless, the pair-wise EMDs between the 8 landscapes (figure 9a) are strikingly similar to the former results. In figure 9b , this is illustrated by showing the EMD-based two-dimensional arrangement of linkage types from this study (circles with full colours) alongside the data from [18] (circles with pale colours). Thus, even though the outcome of the dimensionality reduction with Sketch-map is very sensitive to the selection of landmarks and parameters, the results are quantitatively comparable even if landmarks from a different dataset are used-as long as these landmarks cover the whole phase space of the projected data and the projection parameters are well chosen. This is apparently the case for two Ub chains (and RMDs as CVs), 
Conclusion
In this study, we showed that RMDs between different proteins or between subunits in multi-domain proteins can be used as CVs to characterize protein -protein aggregation and interface characteristics. Together with dimensionality reduction, we can obtain a representative position for each protein configuration in a two-dimensional map. Due to the nonlinear metric employed by the Sketch-map algorithm, small and large differences between structures (distances) are reproduced qualitatively while intermediate distances are accurately reproduced in the projection. This makes the approach particularly well suited to analyse states and transitions in molecular ensembles. The low-dimensional representation allows us to calculate distributions and free energy landscapes which can be compared with each other both qualitatively and quantitatively-the latter with the EMD metric, which opens up new possibilities for analysis and comparison of related molecular systems. The low-dimensional projections are also very useful for diverse visualization variants which help to understand relevant features of the projected ensemble. Since we use a dimensionality reduction technique which projects a single data point according to a fixed set of landmarks, new/additional configurations can be added to the projection. Thus, if the CVs underlying the dimensionality reduction allow this, configurations from different systems (e.g. 2xUb and diUb) as well as different levels of resolution can be compared on the same map [18] . We demonstrate the power of this method by characterizing the configurational ensemble of two unlinked Ub chains. The low-dimensional free energy landscape shows that two Ub proteins can adopt various states in solution which are dominated by contacts in the b-sheet and flexible region of Ub. Free energy landscapes of differently linked Ub dimers show that some linkage types tend to populate states which are already present in unlinked Ub but in some cases new states do appear. In the future, this insight may be useful to investigate the possible mechanism of Ub ligation (forming the linking isopeptide bond). In this study, we demonstrated the impact of linkage formation; in a similar manner, one could investigate the effect of other factors such as mutations or post translational modifications of certain residues on the structural ensemble of ubiquitin dimers. One remarkable result of this study is that representative structures from simulations of two unlinked Ub molecules generate a Sketch-map on which the diUb conformations are not only well represented but where important, distinctive characteristics are also well separated. As a consequence, the differences between the linkages are captured-as can be seen in the EMD-based classification of the linkage types. The method presented here can be easily transferred to other systems where two domains perform motions relative to each other. The selection criteria for the C a atoms which are included in the RMD calculation can be adjusted for other systems (here we excluded the flexible C-terminal region of Ub). For larger proteins, for example, one could limit the analysis to residues on the protein surface. On the other hand, more than just the C a atoms could be included in RMD calculation to increase the sensitivity of projection where this is needed. Furthermore, RMD values could be used to investigate protein interaction with other (interaction) partners, such as small molecules or membranes. Also, an extension of this method to characterize more than two domains should be feasible.
We are convinced that the characterization of protein aggregates and contact interfaces presented here opens up a wide range of possibilities for simulation and analysis. The low-dimensional projections can be used for a systematic comparison of different methods or models (MD simulations with different force fields or at levels of resolution) and they can be combined with different types of sampling and expansion schemes [28 -30] . Last but not least, they can serve as an ideal basis for different clustering algorithms, such as k-means or density-based clustering. 
Molecular dynamics simulations
All simulations were performed with the GROMACS simulation package v. 5 [31] . Temperature and pressure were kept at 300 K and 1 bar using the velocity rescaling thermostat and the Parrinello -Rahman barostat, respectively. The Verlet cutoff scheme was applied [32] . The default md (leap-frog) integrator was used with a 10 fs time step. The cut-off distance for short range van der Waals interactions was set to 1.1 nm and electrostatics were treated by the reaction field method with a cut-off distance of 1.1 nm and a dielectric constant of 15 [33] .
Coarse grained model
All CG simulations were performed using the MARTINI force field v. 2.2 with non-polarizable coars-grained water as solvent [19, 34] . As in [18] , non-bonded interactions between water and protein bead types are increased compared to the original MARTINI force field. Structure and topology input files for CG simulations were created with a modified version of the martinize script, which allows the formation of an isopeptide bond. All CG simulations were performed using the ELNEDIN force field for bonded interactions [35] . An iteratively-refined distance-based elastic network was used to reproduce the intrinsic dynamic properties of Ub correctly [18, 36] .
Set-up
Initial conformations for simulation of two unlinked Ub proteins were obtained by placing two copies of Ub (PDB-ID: 1UBQ [37] ) well separated in a dodecahedron box with a box vector of 11 Â 11 Â 8 nm. The initial position of the two chains was chosen such that the distance between atoms on different chains was at least 2.5 nm. To obtain four different initial conformations, chain B was successively rotated by 908 around all three Cartesian axes. All 'open' initial conformations of diUb were constructed from two Ub units by placing the Ub moieties next to each other so that the C-terminal carboxyl group of the first chain and a lysine side chain of the second chain were close in space. For each linkage type, a second conformation was generated. For this, the relative orientation between the two chains was altered. For all simulations, diUb was placed in a 10 Â 10 Â 10 nm dodecahedron box. All structures were relaxed by energy minimization before and after solvation. Solvated systems were equilibrated in three short runs of 200 ps each: (1) under constant temperature (NVT) with position restrained backbone beads; (2) under constant temperature and pressure (NPT) with position restrained backbone beads; (3) NPT without any position restraints.
Post processing of structures
Structures of two unlinked Ub proteins had to be prepared for analysis after simulation, in particular, periodic boundary conditions were removed such that distances between the two not covalently linked proteins are always calculated between the two closest periodic images. In a first step, jumps between periodic images were removed from the trajectories. Next, chain A was positioned together with its closest periodic image of chain B inside of the simulation box using gmx cluster. Finally, the two proteins were placed in the so obtained relative orientation in the middle of a much larger cubic box (60 Â 60 Â 60 nm) to avoid later processing errors. This was necessary since otherwise the chains can (seemingly) interact with each other in two directions over periodic boundary conditions. For some conformations, this leads to wrong results in the minimum distance calculation.
Sketch-map
Sketch-map v. 3.0 was used [22] . Based on the high-dimensional distance distribution of RMD from simulations of unlinked Ub, the sigmoid function parameters s ¼ 7.0, A ¼ 12, B ¼ 5, a ¼ 2, b ¼ 5 were chosen. Landmarks (N=300) were selected from CG simulations of unlinked Ub only and their two-dimensional positions were optimized in 15 steps. This selection was done randomly in combination with the minmax option with g ¼ 0.01 to increase the number of representative structures from rarely sampled areas. We observed that number of landmarks should not be too large since this increases the computational time for projection without giving significantly better results. Note that in some cases (different parameters for sigmoid function and landmark selection) the dimensionality reduction failed. Therefore, the selection of these parameters should be done with care and the resulting projection needs to be validated, for example by comparison of the clustered structures.
Analysis of protein -protein contacts and residuewise minimum distances
The fraction of aggregated structures and the residue-wise contacts were calculated from RMD values, which are described in more detail in the Results section and in [18] . Two unlinked Ub chains were counted as aggregated if at least one of the minimum distances was below 1.0 nm. The same criterion was applied to count residue-wise contacts which were then scaled and used for colouring of the Ub structures in figures 2 and 6. For b-sheet and a-helix contact count in figure 3 , the most common secondary structure motif was used which was observed in atomistic simulations of Ub.
Miscellaneous
CG diUb structures were back-mapped with BACKWARD [38] to obtain atomistic representations of simulated conformations. All figures were created using Python v. 3.5 and Matplotlib v. 2.2.2. As in [18] , two-dimensional distributions were quantitatively compared using the EMD algorithm as it is implemented in Pyemd v. 0.5.1 [24] . Relative pair-wise EMDs between two-dimensional distributions of diUb simulations are shown in figure 9a. These distances were then used together with metric multi-dimensional scaling (implemented in sklearn.manifold.MDS) to image the relationship between linkage types in two dimensions (figure 9b). As a starting point for optimization, positions from [18] were used.
